Hyperglycinemia is a disorder of amino acid metabolism characterized by the presence of increased concentrations of glycine in the blood, urine, and cerebrospinal fluid. It is now recognized that there are two forms of hyperglycinemia each representing distinct diseases. These studies were designed to assess the metabolism of glycine in the nonketotic form of hyperglycinemia. Isotope content was assessed in respiratory CO 2 and in glycine, serine and the /? carbon of serine of plasma after the separate intravenous injections of glycine-1-14 C and glycine-2-14 C. The specific activities of 14 CO 2 isolated from expired air after the injection of glycine-1-14 G ( fig. 2 ) declined in control subjects from peak values at 10 to 15 minutes in nearly linear fashion over a 2-hour period. In contrast, curves obtained in the patients were rather flat, rising slowly after injection to highest values at about 60 minutes. At 15 minutes, values for the control individuals exceeded those of the patients by a factor of 5-to 10-fold. These data indicate a defect in the formation of 14 CO 2 from the first carbon of glycine. When the control subjects were infused with nonisotopic glycine to produce pools comparable to those found in the patient, the specific activities of the serine isolated from plasma after the injection of glycine-1-14 C (table II) were virtually the same in both groups. The rate of conversion of glycine-2-14 C to serine ( fig. 3 ) in the patients was, however, considerably slower than it was in the control subjects for at least the first 30 minutes, and the curves were flat throughout. Degradation of the serine isolated from plasma and precipitation of the /S carbon as formaldemethone indicated that the incorporation of the a carbon of glycine into the /? carbon of serine was much higher in the controls than in the patients (fig. 4) . The curves for the patients approximated the abscissa indicating virtually no conversion.
C and glycine-2-14 C. The specific activities of 14 CO 2 isolated from expired air after the injection of glycine-1-14 G ( fig. 2 ) declined in control subjects from peak values at 10 to 15 minutes in nearly linear fashion over a 2-hour period. In contrast, curves obtained in the patients were rather flat, rising slowly after injection to highest values at about 60 minutes. At 15 minutes, values for the control individuals exceeded those of the patients by a factor of 5-to 10-fold. These data indicate a defect in the formation of 14 CO 2 from the first carbon of glycine. When the control subjects were infused with nonisotopic glycine to produce pools comparable to those found in the patient, the specific activities of the serine isolated from plasma after the injection of glycine-1-14 C (table II) were virtually the same in both groups. The rate of conversion of glycine-2-14 C to serine ( fig. 3 ) in the patients was, however, considerably slower than it was in the control subjects for at least the first 30 minutes, and the curves were flat throughout. Degradation of the serine isolated from plasma and precipitation of the /S carbon as formaldemethone indicated that the incorporation of the a carbon of glycine into the /? carbon of serine was much higher in the controls than in the patients ( fig. 4 ). The curves for the patients approximated the abscissa indicating virtually no conversion.
These data indicate that in nonketotic hyperglycinemia there is a defect in the oxidation of carbon 1 of glycine to CO 2 and in the conversion of carbon 2 of glycine to carbon 3 of serine. This is consistent with a defect in an enzyme catalyzing the transformation of glycine to CO 2 , NH 3 and hydroxymethyltetrahydrofolate.
Introduction
Hyperglycinemia is a disorder of amino acid metabolism in which glycine concentrations in the blood, urine and cerebrospinal fluid are increased. It is now recognized that there are two distinct forms of hyperglycinemia. Ketotic hyperglycinemia is characterized by the presence of mental retardation, neutropenia, and recurrent episodes of ketoacidosis progressing to coma [6] . Hyperglycinemia and ketosis may also be features of methylmalonic aciduria [23] . GERRITSEN et al. [9] described a hyperglycinemic patient who lacked manifestations of ketotic hyperglycinemia, but had mental retardation, convulsions, spastic cerebral palsy and a diminished excretion of oxalic acid in the urine. Nonketotic hyperglycinemia has recently been observed in a second patient [5] . Two siblings reported by MABRY and KARAM [15] may represent the same syndrome. PRADER et al. [20] have studied a patient with hyperglycinemia who was nonketotic and nonhypooxaluric, suggesting that hypooxaluria may not be an integral feature of the syndrome.
The studies reported here were designed to assess the metabolism of glycine in nonketotic hyperglycinemia. A schematic representation of glycine metabolism other products of l-C units ETHANOLAMINE Fig.l . Metabolism of glycine and the interconversions of glycine and serine. The carbon atoms of glycine and serine are numbered, and an asterisk is employed to illustrate the conversion of the second carbon of glycine to the third carbon of serine via a folic acid intermediate. Abbreviations include FH 4 for tetrahydrofolic acid and 1-C-unit for single carbon unit. The other sources of the 1-C-unit include some products of glycine metabolism including that of the Shemin succinyl CoAglycine cycle and formate which is formed from glyoxylate.
is given in figure 1 . Separate experiments were carried out using glycine-l-^C and glycine-2-14 C in two patients and in three control individuals. The isotope content was determined in respiratory CO 2 and in glycine and serine isolated from the plasma. The serine isolated was degraded in order to quantitate the formation of the jS-carbon (carbon 3) from glycine. A defect was found in the metabolism of glycine. This was consistent with an abnormality in the conversion of glycine to CO 2 and hydroxymethyltetrahydrofolate.
Materials and Methods Subjects
Two patients with nonketotic hyperglycinemia were studied. The first patient, T.Z., reported by ZITER et al. [5] , was 2 years old and weighed 11.3 kg at the time of study. S.F., the subject of the initial report of nonketotic hyperglycinemia by GERRITSEN et al. [9] was 6 years, 9 months of age, and weighed 16.1 kg when the experiment was performed.
Control subjects were about the same size as the patients and represented individuals of similar developmental maturation. They were screened from a biochemical point of view and had no demonstrable metabolic abnormalities. J.E. was a 7-year, 4-month-old boy weighing 15 kg, with the Cornelia de Lange syndrome. M.S. was a 4-year-old boy weighing 13.0 kg, with an absence of sensation of pain and developmental retardation. M.K. was a 5 %-year-old boy, weighing 16.0 kg, with Lowe's syndrome; his renal tubular defect was presumably unrelated to glycine metabolism [30] .
Isotopic Glycine
Glycine-1-14 C was obtained from the New England Nuclear Corp. and had a specific activity of 6.34 me/ mM. Glycine-2-14 C was obtained from the NuclearChicago Corp. and had a specific activity of 21.5 me/ mM. Radiochemical purity and stability of the label in glycine were repeatedly assessed by column chromatography and liquid scintillation counting. Samples for injection were made isotonic with saline and sterilized by autoclaving.
Procedures
Following an overnight fast, each subject was given 2.0 /<c/kg of glycihe-l-14 C by intravenous injection. Glycine^-^C was injected intravenously at least 4 days after the injection of glycine-l-^C.
In two of the control individuals, J.E. and M.K., the experiment was carried out in a manner similar to that used in the patients. In two additional experiments with control subjects (J.E. and M.S.), the conditions were changed. The glycine pools were increased to levels comparable to those found in the patients. This was done by the infusion of nonlabeled glycine [27] , at a rate of 60 mg/kg/h for 60 minutes prior to the injection of the isotope and for 60 minutes thereafter.
Expired air was collected at intervals over the first 24 hours following the injection of the labeled compound with a Scott inhalator mask adjusted to the patient's face. The mask was connected to two oneway J valves which allowed for inspiration of room air. Expired gases passed into a 13-liter rubber breathing bag. Periods of collection were of 3 to 10 minutes in duration; collections were relatively frequent during the first one to two hours. Heparinized venous blood was obtained at intervals over the first hour after injection and placed immediately in ice. The plasma was then removed and stored frozen to await analysis.
Analytical Methods
CO 2 was absorbed from the bags of expired air in a mixture of ethanolamine:methylcellosolve 1:2 [10] using a modification of the procedure described by FREDRICKSON and ONO [7] . Each bag was connected to a flow system which proceeded first through a 70 ml side-arm test tube in an acetone dry ice mixture, in order to trap water, and then through a series of 30 ml screw cap test tubes placed inside 70 ml side-arm test tubes. The first tube contained 15 ml and the second and third tubes, 7.5 ml of the trapping mixture. In each instance, air entered the trapping mixture through a drawn-out disposable Pasteur pipette placed in the stopper of the larger tube and exited via the side arm into the next tube. A Model 2590 B Wappler-Stedman suction pump was used to move air through the system. After a bag was emptied, the inner test tubes were removed and their screw caps applied tightly to await assay of the contents. The amount of absorbed 14 CO 2 was determined by counting 3.0 ml from each tube in a mixture of toluene, methylcellosolve and 2,5-diphenyloxazole (PPO) [10] using a liquid scintillation spectrometer. The CO 2 content of the absorbed 14 CO 2 was determined by the method of VAN SLYKE [25] using concentrated lactic acid and a 0.2 ml aliquot of trapping solution. Specific activities in dpm per mM were calculated from these two values.
Plasma samples were deproteinized with 4 % sulfosalicylic acid and the amino acids separated by chroma tography on columns of the Beckman-Spinco Automatic Amino Acid Analyzer [26] . The eluant was collected directly from the bottom of the column in fractions of 2.2 ml in a fraction collector. Aliquots of 0.5 and 1.0 ml were removed and assayed for amino acid content using the ninhydrin reaction [17] and for radioactivity in a liquid scintillation spectrometer. Counting was'carried out in 15 ml of Bray's dioxane mixture [4] with 0.5 ml of 0.12 N HC1 [19] .
Serine was degraded with periodate in order to assess the labeling of (J-carbon. Aliquots of 0.5 or 1.0 ml of each of the fractions containing serine were pooled in a flask and oxidized using NaIO 4 [8] . The formaldehyde formed was passed through a Dowex-1-chloride column [12] . Dimedon solution was then added to yield crystals of formaldemethone [16] . The crystals were washed several times with water and recrystallized from hot ethanol. The crystals were dissolved directly in an aliquot of the scintillation mixture (5.0 g PPO, 0.1 g l,4-bis-[2-5-phenyloxazolyl]-benzene [POPOP] and toluene to 1 liter), and transferred to a counting vial. The container was washed 3 times with the scintillation mixture, the solutions combined and brought to a total volume of 15 ml. Counting was carried out in a liquid scintillation spectrometer. The radioactivity of formaldemethone was corrected for the rates of recovery determined using known amounts of serine-3-14 C subjected to the entire procedure. Recovery was found to be 85-92 %. 
Oxidation of Glycine to C0$
Data on the conversion of glycine-1-14 G to 14 GO a is illustrated in figure 2 . In the controls, the specific activities of the 14 CO 2 isolated from expired air declined in a nearly linear fashion for over 2 hours from peak values at 10 to 15 minutes. In contrast, the curves obtained in the patients were rather flat, rising slowly to highest values 60 minutes after injection. There was clear distinction between the data for patients and controls for 2 hours. At 15 minutes, values for the controls exceeded those of the patients by a factor of 5-to 10-fold. These data indicate a defect in the formation of 14 CO 2 from the first carbon of glycine. That these findings are not a function of dilution of injected glycine in an abnormally large pool of unlabeled glycine is indicated by experiments in which nonisotopic glycine was infused to produce glycine concentrations in plasma of controls, similar to those found in patients. Though plasma concentration cannot be equated to pool size, a steady state for glycine concentration was obtained and body water was presumably constant. This is consistent with enlargement of the pool to a steady state in which infusion rate equals glycine turnover. The curves obtained in M.S. and J.E. were similar to those observed without glycine infusion. Furthermore, in J.E., who was studied in the presence and absence of infused nonisotopic glycine, the specific activities of CO 2 were much higher in the presence of the glycine load. These data suggest that large amounts of glycine increase rather than decrease the conversion of the first carbon of glycine to CO 2 .
In the control subjects, the conversion of glycine-2- C was even slower than it was in the controls; peak levels were obtained at 2 hours. The quantitative differences between patients and controls, however, were not striking. In J. E., the specific activities of respiratory 14 CO 2 were greater in the presence of an exogenous glycine load.
Conversion of Glycine to Serine
The specific activities of the serine isolated from plasma after the injection of glycine- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C are shown in table II. In the control subjects, in the absence of a glycine-infused state, the specific activities of serine decreased sharply from maxima at the earliest times studied. This observation indicated very rapid formation of serine from glycine. When the patients were compared directly with the controls, the specific activities of serine were lower and the curves in the patients were flatter. It is also evident from table II, however, that the specific activities of glycine in the patients were about half that found in the controls. Nonisotopic glycine was infused in the control subjects, J.E. and M.S., and plasma concentrations similar to those of the hyperglycinemic patient T.Z. were obtained. The specific activities of glycine and serine under these conditions were virtually the same in T.Z. and in the control subjects, and the shapes of the curves of specific activity of serine were similarly flat. These data suggest that the differences between controls and patients in the formation of serine from glycine-1-14 C are a function of dilution in pools of different size. The hyperglycinemic patient S.F. was studied at a later time. The concentrations of glycine in his plasma were somewhat higher than that of patient T.Z., and the specific activities of glycine and serine concomitantly were lower.
Patients
T. Z. Data on the conversion of glycine-2-14 C to serine are illustrated in figure 3. In these experiments, the specific activities of serine in patients T.Z. and S.F. were considerably lower than those of controls for at least 30 minutes and the curves were flat throughout. Elevation of the size of the glycine pool in control subjects M.S. and J.E. did not yield curves that were similar to that of the patients. In fact, the highest specific activities obtained were those of M.S. under conditions of glycine infusion. Comparison of the specific activities of the glycine of the plasma (table III) , as well as the concentrations of glycine, indicated that infusion of glycine produced greater dilution of the labeled glycine than had occurred in the experiments using glycine-1-14 C. Plasma levels were now comparable to those of the hyperglycinemic patients. These data are in accord with the concept that different processes are involved in the conversion of the first and second carbons of glycine to serine. In J.E., the specific activities of serine differed little in the presence or absence of glycine infusion. However, the total dpm in serine per ml of plasma was higher; this was balanced by an increase in the concentration of serine in the plasma. These observations, together with the real dilution of the label in glycine, suggest that large amounts of glycine stimulate some aspect of the conversion of the second carbon of glycine to serine.
S.F.

Conversion of the a Carbon of Glycine to the /? Carbon of Serine
Degradation of the serine isolated from plasma and precipitation of /? carbon as formaldemethone provided some clarification of these observations. The incorporation of the a carbon of glycine to the /? carbon of serine was higher in the two control subjects receiving large amounts of glycine by infusion than it was in the two control subjects studied without the glycine load.
Data for the patients and for controls given exogenous glycine are illustrated in figure 4 . Both groups had comparable concentrations of glycine and comparable dilutions of administered labeled glycine. Actually, all data for the controls, with or without glycine infusion, markedly exceeded those of the patients. The curves for the patients approximate the abscissa, indicating virtually no conversion. In fact, data obtained for the patients do not differ significantly from background counting.
There was no incorporation of glycine-1-14 C into /S carbon of serine in either patients or controls. Fig.4 . Conversion of glycine-2-14 C to the /? carbon of serine. The ratio of the radioactivity in formaldemethone (dpm/ml of plasma) to serine (^M/ml of plasma) expresses the specific activity of the /S carbon of serine.
Discussion
Evidence has been reported that interconversions of glycine and serine are abnormal in ketotic hyperglycinemia. The formation of serine from glycine-2-3 H in a patient with ketotic hyperglycinemia was much slower than it was in control subjects [19] . The curve obtained appeared qualitatively different from those of the controls and quite similar to those obtained with glycine-2-14 C in our patients with nonketotic hyperglycinemia. Similarly, in parents of a patient with ketotic hyperglycinemia, in comparison with data from normal subjects, the administration of glycine loads yielded higher concentrations of glycine and lower concentrations of serine [24] . However, in a patient with ketotic hyperglycinemia, the concentrations of glycine in the plasma increased to very high levels after the administration of serine loads [6] , suggesting that the conversion of serine to glycine was rapid or even accelerated. Furthermore, in a heterozygous infant, the offspring of parents also having a ketotic hyperglycinemic baby, a serine load produced higher concentrations of glycine than it did in controls [1] , even though glycine loading yielded lower concentrations of serine that it did in controls. These observations suggest that while glycine is inefficiently converted to serine, serine is converted to glycine at increased rates. The addition of serine to human liver homogenates increased the conversion of labeled glycine to serine [1] , presumably by providing a source of the one carbon unit, hydroxymethyltetrahydrofolic acid. In the same heterozygous infant [ 1 ] , this stimulation by serine was greater than that found in controls. These observations suggest that the enzyme serine hydroxymethyltransferase is intact, although there is defective conversion of glycine to serine.
Very few data are available on the metabolism of glycine in nonketotic hyperglycinemia. In one patient studied [9] , oral loading with serine resulted in increases in plasma concentrations of glycine that were a little greater than those observed in controls. These data indicate that serine is readily converted to glycine, but do not deal with the conversion of glycine to serine.
The data obtained in this study indicate that in nonketotic hyperglycinemia, there is a defect in the oxidation of carbon 1 of glycine to CO 2 . In controls, glycine-1-14 C was rapidly converted to 14 CO 2 . The formation of 14 CO 2 from glycine-2-14 C was much slower, as one would expect if glycine were first converted to serine and then oxidized via the citric acid cycle in order to release the second carbon as CO 2 ( fig. 1 ). Formation of CO 2 from glycine-1 -14 C in the patients was qualitatively different from that of controls and resembled oxidation of glycine-2-14 C. A defect in the immediate oxidation of the first carbon of glycine would be consistent with a defect in glycine oxidase or in the enzyme responsible for the conversion of glycine to CO 2 and hydroxymethyltetrahydrofolate.
The other major finding in these two patients with nonketotic hyperglycinemia was the virtual absence of the conversion of carbon 2 of glycine to carbon 3 of serine. This is consistent with the overall inefficiency of the conversion of glycine-2-u C to serine. Glycine-lu C conversion to serine was not different from that of controls with comparable pools of glycine. These observations could be explained by a defect in glycine oxidase, with defective conversion of glycine-1-14 G to 14 CO 2 . Since the Km of glycine oxidase is very large, it is not thought to play a major role in glycine degradation. A defect in this enzyme, which deaminates glycine to form glyoxylate, could lead to diminished formation of carbon 3 of serine from glycine-2-14 C, if glyoxylate were the only pathway by which carbon 2 of glycine could be converted to carbon 3 of serine. This appears unlikely. This assumption is supported by preliminary data on the metabolism of l-14 G-labeled glyoxylate to 14 CO 2 . The data would also be consistent with a defect in the succinyl CoA-glycine cycle, but under these circumstances, one would expect problems with heme synthesis. The data obtained provide evidence for a close association in man between the production of CO 2 from carbon 1 of glycine and the formation of carbon 3 of serine from carbon 2 of glycine.
A close relation between the production of CO 2 and NH 3 from glycine and the synthesis of serine has been observed in vitro in avian liver by RICHERT et al. [21] and in bacteria by SAGERS and GUNSALUS [22] . The following series of reactions has been proposed [21, 22] The observations, in our control subjects, that glycine infusion increased rather than decreased the metabolism of glycine to CO 2 and appeared also to increase the formation of the /S carbon of serine from glycine, suggest that large amounts of glycine may stimulate reaction 1. The data are consistent with the experiences of ARNSTEIN and NEUBERGER [2] who found greater rates of conversion of glycine to serine in rats fed diets with a higher than usual content of glycine. The interpretation that the conversion of glycine to serine may operate physiologically only in the presence of large quantities of glycine is not consistent with observations in hyperglycinemia. Data in both man and rat suggest the hypothesis that formation of CO 2 and FH 4 GH a OH from glycine is a physiologically important reaction which can be stimulated by large amounts of glycine. NEWMAN and MAGASANIK [18] have reported evidence that in E. coli, the enzyme system which converts glycine to single carbon units is adaptive. It is induced by glycine and repressed by single carbon units derived from other sources.
The mechanism of this reaction has been clarified in the P. glycinophilus system by KLEIN and SAGERS [13, 14] . Four protein fractions (P 19 P 2 , P 3 and P 4 ) have been separated; all were required to catalyze the overall reaction of glycine and FH 4 to yield FH 4 CH 2 OH, CO 2 and NH 3 . P w which contains bound pyridoxal phosphate, and P 2 , a heat-stable protein, must be combined to yield GO 2 from glycine. NAD and FH 4 are not required for this decarboxylation. P 3 is a flavoprotein which, when combined with P 2 , is reduced by glycine and transfers electrons to NAD [3] . P 4 must be coupled to the other fractions to transfer the a carbon of glycine to FH 4 . It is not now known whether the system studied in avian liver [21] is the same one, or whether these mechanisms are operative in mammalian systems. It will be of considerable interest to explore them in hyperglycinemia.
